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We studied the Co valences and spin states in electron-doped LaCo1−yTeyO3 by measuring x-ray
absorption spectra and electron spin resonance. The low-temperature insulating state involves the
low-spin Co3+ (S = 0) and the high-spin Co2+ state, which is described by g = 3.8 and jeff = 1/2.
The results, in concurrence with the electron–hole asymmetry confirmed in electrical resistivity,
coincide with a spin-blockade phenomenon in this system. Further, we discuss the g factor in terms
of the strong covalent-bonding nature and consider multiple origins of this phenomenon.
PACS numbers: 75.30.Wx, 78.70.Dm, 76.30.-v, 73.23.Hk
I. INTRODUCTION
The many-body problem is ubiquitous in a variety of
physics fields. In condensed matter physics, correlated
electron systems have been shown to exhibit potentially
useful phenomena, such as spin-ordered Mott insulation,
charge-ordered insulation, magnetoresistance, and super-
conductivity,1 via spin, charge, orbital, and lattice. Re-
cently, remarkable spin-dependent charge transfer called
spin blockade was reported. One type of spin blockade
is observed in quantum-dot systems, in which the Pauli
exclusion principle forbids electron hopping between two
dots with the same spin (Pauli blockade).2 Another type
originates from a prominent concept, the utilization of
unique spin-state variability/invariability, as explained
below, and is considered to be active in some perovskite-
type cobaltites.3–5 The fivefold 3d orbitals split to t2g
and eg manifolds in CoO6 octahedra. While Co
3+ (d6)
may have low-spin (LS, S = 0), high-spin (HS, S = 2),
or intermediate-spin (IS, S = 1) states as in LaCoO3,
6
Co2+ (d7) is semi-empirically known to prefer an HS state
(S = 3/2).3,7 Based on this Co character, the electron
hopping from Co2+(HS) to Co3+(LS) leads to the unfavor-
able Co2+(LS) (S = 1/2) state accompanied by a simulta-
neous second process in which the spin state changes to
Co2+(HS), as shown in Fig. 1; therefore, the total hopping
probability will be considerably suppressed.3 Hereinafter,
regardless of its origin, we generally refer to the suppres-
sion phenomena of charge transfer between the sites with
different spin states as spin-state blockade.
Spin-state blockade was experimentally observed in
CoO2 conduction planes. For the ordered oxygen-
deficient perovskite semiconductor GdBaCo2O5.5+δ with
Co3+(LS)O6 octahedra and Co
3+(IS)O5 pyramids, hole
doping (Co4+; δ > 0) greatly decreases the electri-
cal resistivity, whereas electron doping (Co2+; δ <
0) does not.4 This electron–hole asymmetry confirms
the spin-state blockade of electron doping.4 Further,
in the double-perovskite insulator La1.5Sr0.5CoO4, the
alternately charge-ordered Co2+ and Co3+ (nominally
Co2.5+) have spin states revealed to be HS and LS, re-
spectively, by using soft x-ray absorption spectroscopy,
demonstrating that the condition of spin-state blockade
is satisfied.5 Thus, material designs explicitly utilizing
the spin-state blockade could be explored.3–5
Then, one of the intriguing issues is to examine the
spin-state blockade phenomena in an electron-doped sys-
tem with sensitive Co spin-state variability; the best
candidate for the matrix is perovskite-type LaCoO3 in
its lowest-temperature (LT) range, as mentioned in the
conclusion of Ref. [3]. This material consists of a three-
dimensional network of corner-sharing CoO6 octahedra.
At room temperature (RT), this system is electrically
semiconductive and is magnetically composed of ther-
mally excited Co3+(HS) and possibly Co3+(IS) with a
ground state of Co3+(LS). As the temperature decreases,
spin crossover (spin-state transition) occurs from approx-
imately 100 K to 30 K, and the system finally enters the
highly insulating LT range with only the nonmagnetic
eg
t2g
Co3+(LS) Co2+(LS)Co3+(IS) Co2+(HS)Co3+(IS)Co2+(HS)hop flip
FIG. 1: (Color online) Scheme of the multistep processes of
electron hopping from Co2+(HS) to Co3+(LS). If Co3+(IS) is
also unfavorable, the spin-state change (flip) to HS or LS is
added for Co3+, which further suppresses the total hopping
probability.
2ground state of Co3+(LS).6,8–10 Such a spin-state transi-
tion is sensitively induced not only by temperature but
also by chemical substitution, magnetic field, and pres-
sure.11–13
Thus far, spin-state blockade activation has been dis-
cussed for various electron-doping elemental substitu-
tions in LaCoO3. In fact, the electron–hole asymme-
try in electrical resistivity, the first necessary condition
of spin-state blockade, has been reported, for example,
in comparisons between electron-doped Th, Ce, and Te
substitutions and hole-doped Sr substitution at the La
site3,14,15 and comparisons between electron-doped Ti
substitutions and hole-doped Mg substitutions at the Co
site16. As shown in Fig. 2(a), overall, electron doping
does not decrease the electrical resistivity, in contrast to
hole doping.
However, the Co3+(LS)–Co2+(HS) coexistence, the sec-
ond necessary condition of spin-state blockade, remains
experimentally uncertain; the spin states of Co3+ and
Co2+ have been discussed on the basis of magnetiza-
tion measurements, which are somewhat confusing and
controversial. For example, while Co3+ is interpreted as
an LS state,15 a considerable amount of IS and/or HS
states are expected to exist.16–18 Further, although the
very high stability of Co2+(HS) is often assumed,3–5,15 it
has been suggested that Co2+(LS) can be realized.17–19
In addition, there might be charge homogeneity (itin-
erancy) rather than the Co2+–Co3+ good charge sepa-
ration.15,20 Thus, not only magnetization measurements
but also microscopic experiments such as XAS are nec-
essary to determine the Co valences and spin states.5 In
fact, the understanding of the Co states is quite difficult
because of the complex unquenched-orbital angular mo-
menta and strong covalent-bonding nature, in addition
to the valence and spin-state degree of freedom.6,21–23
Suitable electron-doped LaCoO3 systems are rather
limited. A variety of hole-doped La1−xAxCoO3 systems
have been obtained (A = Ca, Sr, Ba; 0 ≤ x ≤ 1).24–26
Although the A = Ce, Th, and Te substitutions are ex-
pected to dope an electron with A4+, single-phase Ce is
relatively difficult to obtain in bulk, and the radioactiv-
ity of Th is difficult to handle.15,27–29 Moreover, the Co,
Ce, Th, and Te valences have not been evaluated using
methods such as x-ray absorption spectroscopy (XAS) to
evaluate the electron doping. In LaCo1−yMyO3 systems
(M = Ti; 0 ≤ y ≤ 0.5),16–19,30,31 XAS spectra showed
that the average Co valence decreases from 3+ to 2.5+
(y = 0.5)31 with electron doping using nominal Ti3.5+
(d0.5; magnetic) substitution.
An electron-doped system, LaCo1−yTe
6+
y O3 (Te
6+:
d10; nonmagnetic), is relatively easy to synthesize in a
solid-state reaction method and allows us to avoid the
complexity with magnetic M atoms. Further, the ionic
radius of Te6+ has been reported to be between those
of Co3+(LS) and Co3+(HS) (rTe6+ = 0.56 A˚, rCo3+(LS) =
0.545 A˚, rCo3+(HS) = 0.61 A˚),
32 suggesting size match-
ing for Co-site substitution to minimize the difficulties
accompanying local structural disorder.33 The electrical
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FIG. 2: (Color online) (a) Temperature dependence of the
electrical resistivity in pure and substituted LaCoO3 sys-
tems. The symbols with lines show our measured data for
LaCo1−yTeyO3. The other symbols and lines show the ref-
erence data,3,14–16,24 which are normalized so that the pure
LaCoO3 data coincide with the y = 0 data at each tem-
perature. The superscripts A and B denote the La-site and
Co-site substitutions, respectively. The numbers written af-
ter elements denote the substitution concentration in per-
centage. (b) Electrical resistivity versus inverse temperature
in LaCo1−yTeyO3. The straight lines denote the Arrhenius
thermal-activation type and the curves denote the power-law
type: ρ ∝ 1/T ν (ν = 8 to 9).
resistivity (ρ) [symbols with lines in Fig. 2(a)] is also con-
sistent with the tendency of electron–hole asymmetry.
On the other hand, the 6+ valence is expected to give
rise to high Coulomb scattering on ρ. Thus, we checked
the total disorder effect using the ρ versus 1/T analysis
[Fig. 2(b)], as performed for LaCo1−xTixO3.
16 In the Ti
system, as x increases, ρ changes from the simple Arrhe-
nius thermal-activation type to a characteristic power-
law type – ρ ∝ 1/T ν (ν = 8 to 10) – which is considered
to reflect the local disorder effect.16 For LaCo1−yTeyO3,
an identical power-law behavior is obtained, as shown in
Fig. 2(b). Hence, the total disorder effect on ρ in the Te
system will be comparable to that in the Ti system.
In this study, we microscopically show the Co3+(LS)–
Co2+(HS) coexistence in LaCo1−yTeyO3 by measuring
XAS spectra and electron spin resonance (ESR). First,
the Te and Co valences are estimated using XAS at the
3Te L1 and Co K edges in the hard x-ray region. Second,
the Co valences and spin states are further revealed using
XAS at the Co L3,2 and O K edges in the soft x-ray re-
gion. Third, the Co2+ spin state is determined with the
g factor by using ESR. Last, we discuss several origins of
the spin-state blockade.
II. EXPERIMENTS
LaCo1−yTeyO3 samples were synthesized by using a
stardanrd solid-state reaction method. The starting ma-
terials, La2O3 (99.99% purity), Co3O4 (99.9%), and
TeO2 (99.9%) powders, were purchased from Kojundo
Chemical Laboratory Co.Ltd. Stoichiometric mixtures
of them were ground throughly, pelletized, and heated
on ZrO2 plates at 1200
◦C in air for 12 h twice (24 h in
total). No Bragg reflections, other than those of the per-
ovskite structure, were detected from all the samples in
the Cu-Kα x-ray diffraction patterns measured at room
temperature. The typical data and Rietveld fitting were
shown in Fig. 3. The Rietveld fitting was performed us-
ing Z-Rietveld software.34,35 The obtained lattice volume
is almost the same as the representative reported value
at y = 036 and monotonically increases with increasing
y, as shown in the inset in Fig. 3. The composition ra-
tio LaCo1−yTeyO3 is confirmed together with valences
by XAS in the hard x-ray region in the next section
[Figs. 4(a)–4(c)].
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FIG. 3: (Color online) Typical x-ray diffraction data. The
inset shows the Te concentration (y) dependence of lattice
volume.
We remark the La1−xTexCoO3 samples previously re-
ported.15 In the non-substituted LaCoO3, the lattice con-
stants in the previous sample are much larger than the
representative values; the former set at room tempera-
ture corresponds to the latter one above 600 K.15,36 The
reason might be related to the usage of Co2O3 and the
rather low-temperature synthesis at 1050◦C,15 which is,
however, beyond the scope of this study.
XAS measurements in the hard x-ray region were per-
formed on the BL-3A beamline at the Photon Factory
(PF) at KEK in Japan. The data were recorded in the
bulk-sensitive fluorescence yield mode with fixed final en-
ergies at the Te L1 and Co K-absorption edges. For the
reference samples, polycrystalline TeO2 (Te
4+), Te(OH)6
(Te6+), La2CoO4 (Co
2+), La1.5Ba0.5CoO4 (Co
2.5+), and
LaSrCoO4 (Co
3+) were used. XAS measurements in the
soft x-ray region were performed on the BL-08B beamline
at the National Synchrotron Radiation Research Center
(NSRRC) in Taiwan and the BL-19B beamline at PF.
Samples were cleaned with diamond files just before in-
serting them into a vacuum chamber with a base pressure
of 5×10−8 Torr. The data were also collected in the bulk-
sensitive fluorescence yield mode. The surface-sensitive
total electron yield data are not used in this study but
were consistent with the fluorescence data. CoO was
measured for the references of relative energy calibra-
tion and Co2+(HS). The energy resolutions were approxi-
mately 0.3 eV and 0.2 eV for the Co L3,2 edges and O K
edge, respectively. ESR measurements were performed
in pulsed magnetic fields at the Institute for Materials
Research, Tohoku University. The frequencies are fixed
in the range from 190 to 450 GHz. Direct-current mag-
netization was measured using superconducting quantum
interference device (SQUID) magnetometers at the Cen-
ter for Low Temperature Science, Tohoku University.
Direct-current electrical resistivity was measured using
the four-probe method.
III. RESULTS AND DISCUSSION
A. XAS
Figures 4(a) and 4(b) show XAS spectra of the
LaCo1−yTeyO3 samples and the reference samples in the
hard x-ray region. In Fig. 4(a), the Te L1-edge spec-
tra of LaCo1−yTeyO3 are nearly coincident. Further,
the peak positions of the LaCo1−yTeyO3 samples are at
much higher energies than that of the Te4+ reference and
are nearly equal to that of the Te6+ reference. Thus,
the Te valence of the samples is estimated to be nearly
6+. This result is consistent with the fact that a number
of perovskite ABO3 materials with B-site Te
6+ substi-
tution were reported.37 Meanwhile, the Te valence was
previously assumed to be 4+ in the A-site Te substitu-
tion system La1−xTexCoO3 as well as in Mn oxides,
15,38
which will be therefore attributable to the difference of
substitution site. In Fig. 4(b), the Co K-edge spectra
of LaCo1−yTeyO3 shift to the lower-photon-energy side
with increasing y and those of references shift similarly
on decreasing the average Co valence (v) from 3+, con-
firming that v proportionally decreases (electron doping)
with Te substitution. Further, the shifts are estimated
to be −1.2 eV from y = 0 to 0.15 and −2.5 eV from the
reference Co3+ to Co2+. The relation of v versus y, ob-
tained from the shifting degree, is compared to those cal-
culated from the composition formulae LaCov+1−yTe
6+
y O3
and LaCov+1−yTe
4+
y O3 in Fig. 4(c). The experimental re-
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FIG. 4: (Color online) (a,b) Te L1-edge and Co K-edge XAS spectra measured at RT, respectively. (c) Te-concentration
dependence of the average Co valence. The positions of symbols are estimated from the Co K-edge energy shifting in (b). The
solid line corresponds to the composition formula LaCov+1−yTe
6+
y O3, in which one Te dopes three electrons with v = (3−6y)/(1−y)
according to the charge-neutrality law. For comparison, the dotted line obtained for the composition formula LaCov+1−yTe
4+
y O3,
v = (3 − 4y)/(1 − y), is shown. (d) Co L3-edge XAS spectra measured at RT. In the upper set of solid lines, the colors
correspond to the same y samples as those shown in (b). The arrows indicate the shoulders growing with increasing y. (e,f) O
K-edge and Co L3,2-edge XAS spectra measured at RT and LT (15 K). The arrows indicate the difference from RT to LT. In
(d–f), the y = 0.03 lines show the PF data and the other lines show the NSRRC data.
lation is in agreement with that for LaCov+1−yTe
6+
y O3, in-
dicating that electron-doped samples described by this
composition formula were obtained.
Next, the Co states can be studied using XAS spec-
tra in the soft x-ray region. Figure 4(d) shows the Co
L3-edge XAS spectra. The spectral lines consist of the
y = 0 base lines (matrix Co3+) and the shoulders in
the lower-photon-energy side increasing with y, as shown
by the arrows. The shoulders are identical to the refer-
ence CoO line, which is consistent with the existence of
Co2+(HS).5 Figure 4(e) shows the comparisons of O K-
edge XAS spectra at RT and LT. This peak is separated
from the CoO line in turn, and the lower- and higher-
photon-energy parts correspond to the densities of un-
occupied Co3+ t2g and eg states (holes), respectively.
39
In all the y samples, the t2g holes decrease and the eg
holes increase from RT to LT, indicating the Co3+(HS)-to-
Co3+(LS) spin-state transition. Furthermore, this transi-
tion corresponds to a slight sharpening of Co L3,2-edge
main peak tops from RT to LT,10 which is also observed
[Fig. 4(f)]. Thus, these soft x-ray data [Figs. 4(d–f)] com-
prehensively indicate that the Co2+(HS)–Co3+(LS) coex-
istence is realized towards LT.
B. ESR
To distinguish Co2+(HS) and Co2+(LS) more clearly, we
estimated the g factor by measuring ESR. The powder-
averaged g value is both experimentally and theoretically
known to be approximately 4.3 for Co2+(HS) (jeff = 1/2)
and approximately 2 for Co2+(LS) (S = 1/2);40–43 the
Co2+ spin state can be determined with this difference.
Further, the aforementioned XAS measurements show
that Co3+ forms the LS state (S = 0; nonmagnetic sin-
glet), which exhibits no ESR signal at the lowest temper-
ature below 20 K without the aid of thermal activation;22
hence, only Co2+ signals are expected to be observed in
the lowest-temperature range.
Figures 5(a) and 5(b) show the ESR absorption spectra
measured for LaCo0.95Te0.05O3 at typical frequencies. A
concave absorption structure is observed in all the data.
The absorption intensity is the strongest at the measured
lowest temperature (4.2 K) and decreases with increasing
temperature up to 80 K, as shown in Fig. 5(c), indicating
that the 4.2-K absorption corresponds to Co2+. On the
other hand, with increasing the temperature, the absorp-
tion bottom position approaches to the dotted vertical
lines, corresponding to the bottom positions for the ther-
mally activated Co3+(HS).22 Hence, the high-temperature
spectra will be interpreted as the superposition of the
Co2+ component and the thermally activated Co3+(HS)
component.
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FIG. 5: (Color online) (a)(b) ESR absorption spectra measured for LaCo0.95Te0.05O3 between 4.2 K and 80 K. The arrows
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dependence of the magnetic susceptibility. The curve shows the calculated reference line, consisting of the Curie 1/T term
obtained from g = 3.8 and jeff = 1/2 and the van Vleck constant term estimated from the range between 6–7 T in (e).
Figure 5(d) shows the magnetic-field dependence of
absorption frequencies at 4.2 K. The slope gives the g
value of 3.8, confirming that the Co2+ forms the HS
state, rather than the LS state. We also remark that this
Co2+(HS) state differs from the often assumed spin-only
model (g = 2 and S = 3/2).
The XAS and ESR combined result is summarized as
LaCo
3+(LS)
0.80 Co
2+(HS)
0.15 Te
6+
0.05O3 in the lowest temperature
range for y = 0.05, in which the Co2+(HS) state is de-
scribed by g = 3.8 and jeff = 1/2. We compare this
result to the magnetization data. (1) Figure 5(e) shows
the field dependence of magnetization measured at 1.8 K
and 5 K. The paramagnetic Brillouin-like saturating be-
havior is observed with the maximum value 0.28µB per
formula unit (f.u.). This value corresponds to the 15%
concentration of Co2+(HS), which coincides with the XAS
and ESR result. (2) As shown in the inset in Fig. 5(e),
tiny finite remanent magnetization is observed at 1.8 K,
meaning that a weak ferromagnetic correlation grows in
the mainly paramagnetic state below 5 K. In fact, in
the temperature dependence of magnetic susceptibility
[Fig. 5(f)], as the temperature decreases, the experimen-
tal values increase in advance of the calculated reference
line obtained for the 15% concentration of Co2+(HS) in
the ideally paramagnetic Curie law. Thus, the XAS,
ESR, and magnetization results are consistently under-
stood with each other.
We further discuss g = 3.8. This value is smaller than
the typical value of 4.3, which is, for example, observed
TABLE I: Covalent-bonding parameter κ for some sys-
tems.22,44 The ratio of ionic radii (r) is denoted by
rdoped−ion/rmatrix−ion; for example, rCo2+(HS)/rMg2+ = 1.0,
based on Shannon’s radii.32
Matrix Doped ion κ Ratio of ionic radius
ZnF2 Co
2+(HS) 0.944 1.0
MgO Co2+(HS) 0.944 1.0
MgO Fe2+(HS) 0.844 1.1
LaCoO3 (LT) Co
3+(HS) 0.822 1.1
LaCoO3 (LT) Co
2+(HS) 0.5a 1.4
a This work.
for Co2+(HS) in MgO.40 Low et al. correlated g values to
the metal-ligand bonding nature: g = 10/3 + κ for the
d7 state [Co2+(HS)] and g = 3 + (1/2)κ for the d6 state
[Fe2+(HS)) and Co3+(HS))], where κ takes 1 in the ideal
ionic-bonding case and decreases from 1 in accordance
with the degree of the covalent-bonding nature.40,44 Ta-
ble I gives the κ values estimated using these relations for
some systems.22,44 Among them, interestingly, g = 3.8
gives a significantly low κ = 0.5, indicating the highly
covalent nature of Co2+(HS)–O2− bonding in the electron-
doped LaCoO3 system. Indeed, on increasing the ionic
radius ratio of doped ions to matrix ions, which is also
regarded as an index of chemical pressure and therefore
covalency, the κ value decreases. Thus, the Co2+ ion,
6squeezed in the Co3+(LS) matrix, forms the HS state but
is probably accompanied with a strong covalent-boding
nature.
C. Discussion of origins of spin-state blockade
Thus far, we showed that the LT insulating range in-
cludes Co3+(LS) and Co2+(HS) and exhibits the predomi-
nantly high electrical resistivity compared to hole-doped
systems. These results demonstrate the emergence of
spin-state blockade phenomena. As its origin, first, the
rule prohibiting Co2+(LS) is suggested, as mentioned in
Introduction.3–5 However, in this subsection, we would
like to point out that this is not the only origin or inter-
pretation. The discussion is generally applicable to not
only this-time LaCo1−yTeyO3 but also RBaCo2O5.5+δ
(R: rare earth), La1.5Sr0.5CoO4, and other LaCoO3-
based electron-doped systems.
The second probable origin is the difference of covalent-
bonding strength. Goodenough presented the theory,
in which the covalent-bonding strength provides a cri-
terion to determine whether the outer electrons are best
described by a localized-electron or a band/molecular-
electron model.45 In his theory, LS states generate the ex-
tremely covalent σ*-orbital band connecting interatomic
Co 3d-eg and Co 3d-eg through O 2p, whereas HS sites
are localized. This suggests that the electron transfer
from Co2+(HS) to Co3+(LS) is suppressed. Indeed, in turn,
Co4+ forms the LS state, or possibly the IS state like in
SrCoO3, in hole-doped systems that are much more con-
ductive.26,46,47
Our ESR study revealed the highly covalent Co2+(HS).
Combining with the aforementioned theory, this
Co2+(HS) is considered to be very close to the extremely
covalent Co2+(LS). Therefore, Co2+(LS) that is very rare
in oxides could be realized by a stimulus like pressure in
future.
The third possible origin is the large difference of ionic
radii. The Co2+(HS) is particularly large compared to
the matrix Co3+(LS) and others [rCo2+(HS) = 0.745 A˚,
rCo2+(LS) = 0.65 A˚, rCo3+(HS) = 0.61 A˚, and rCo3+(LS) =
0.545 A˚].32 Hence, the movement of Co2+(HS) in the
Co3+(LS) matrix is accompanied by large local lattice
deformation, which will costs the high activation en-
ergy based on elastic energy. This spin-state-lattice cou-
pling is also expected to suppress the Co2+(HS)–Co3+(LS)
charge transfer.
The other related factor may be the local structure
around dopants, oxygen defects, and doped electrons.
Thus, the spin-state blockade phenomena should be re-
garded as the total effect of these origins.
IV. CONCLUSIONS
Electron-doped LaCo1−yTeyO3 was microscopically
studied by measuring hard and soft x-ray absorption
spectra and electron spin resonance. The LT insulat-
ing range includes Co3+(LS) and Co2+(HS), which coin-
cides with the spin-state blockade in combination with
the electron–hole asymmetry in electrical resistivity. Fur-
ther, this Co2+(HS) is considered to be accompanied with
a significant covalent-bonding nature. We also discussed
several origins of the spin-state blockade. Opportunities
could be created for the further studies of electron-doped
Co-spin-state physics, the realization of rare Co2+(LS),
and the development of materials and devices utilizing
the spin-state blockade, such as sensors and gate switches
with Co3+(LS) creation/annihilation.
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